Introduction
A great amount of energy is consumed worldwide to produce industrially important chemicals, such as ammonia (NH 3 ), ethylene (C 2 H 4 ), and formaldehyde (CH 2 O). Reducing the energy cost of producing these chemicals by catalyst improvement is crucial for environmental sustainability. [1] [2] [3] From a mechanistic perspective, production of chemicals usually involves multiple elementary steps on the catalytic surfaces. 4 Each step is a state-to-state transition 2 that involves bond breaking and bond forming. For example, the anhydrous production of formaldehyde from methanol dehydrogenation requires O-H and C-H bond breaking with reformation of a H-H bond. 5, 6 The competition between these reaction steps determines the production rates of the products. Accurate knowledge of the reaction rate constant of each elementary step allows the construction of kinetic models and assessment of the degree to which each step influences the rate and product selectivity, [7] [8] [9] which is important to the discovery and design of optimal catalysts for chemical production with low energy cost. 10 The accurate prediction of the reaction rate constant (k), and separately the activation energy and pre-exponential factor, of an elementary step is non-trivial. Derived from transition state theory (TST), the Eyring equation 11 the configuration space, this sampling is computationally quite demanding for ab initio calculations, and thus only feasible for systems with reliable force fields. To accelerate the sampling, a history-dependent bias potential can be added to certain degrees of freedom (known as collective variables), as demonstrated in the methods such as metadynamics 12 and umbrella sampling. 13 However, choosing an appropriate set of collective variables, the core for a successful biased sampling, is system-specific and usually requires a substantial trial-and-error process. Furthermore, such calculations may or may not provide accurate values of the two kinetic parameters for comparison with experiment, which by definition are evaluated relative to the zero-point energy levels of reactants and transition state.
An alternative and more practical approach is often used to estimate these quantities from ab initio calculations. In the first step of this approach, transition state search methods are used to find the reaction path for a specific reaction and the coordinates of transition state, which give the activation electronic energy. In the second step, harmonic frequencies (ν) 3 of the normal modes are calculated for the reactant and transition states, which give the zero-point vibrational energy (ZPE) and the vibrational partition functions (Q vib ). 14 Q vib is used to calculate the activation entropy (∆S) and thus the pre-exponential factor (A).
k can then be estimated from the Arrhenius equation:
is the Boltzmann constant and T is the temperature. A key drawback in this approach is that, the potentially significant frustrated rotational motion and anharmonicities in the lowfrequency modes are neglected, whereas these modes may make large contributions to Q vib . 15 This deficiency may lead to errors in the predicted pre-exponential factor. To overcome the shortcoming, methods have been proposed to consider anharmonicity and frustrated motion.
For example, Sauer et al. have proposed to independently sample the potential of each normal mode in the curvilinear internal coordinates, and use a high-order polynomial to fit the potential. The obtained anharmonic potentials are then used to calculate Q vib . [16] [17] [18] Campbell et al. have proposed to treat the lowest-frequency normal modes as hindered translations and rotations for adsorbed molecular species. Assuming the potentials that hinder such motions are sinusoidal, the partition functions of these modes can be estimated from the energy barriers of translation/rotation. 19, 20 Despite these developments in the estimation of pre-exponential factors, most kinetic studies of surface reactions still use empirical values of 10 13 s −1 , 21,22 leading to limited understanding of the factors that determine the pre-exponential factor in realistic systems. In this work we focus on the C-H bond breaking for a series of linear-chain alkoxides on Cu(110), including methoxy, ethoxy, 1-propoxy, and 1-butoxy. Their structural similarity allows the exploration of the effects of the molecular size on the frustrated motion and pre-exponential factor.
We estimate the pre-exponential factor from the harmonic frequencies of the reactant and transition states, treating the lowest frequency frustrated rotation by the hindered rotor model. 19, 20 The atomic displacements in the low frequency normal modes are visualized to confirm the validity of this model. As the molecular size increases, there is a significant increase in the partition function of the frustrated rotation of the adsorbed reactant and a corresponding lowering of the pre-exponential factor. The pre-exponential factor decreases by a factor of three progressing from methoxy to 1-butoxy. These results show the direction for future analysis.
Methods
The major parameters used in our density functional theory (DFT) calculations, including simulation package, pseudopotentials, energy cutoff of plane-wave basis sets, van der Waals (vdW) corrections, slab structures, and k -point mesh, were the same as those in our earlier study. 6 In this study the structures of reactant and transition states in the C-H bond breaking process were converged to a very small force threshold (0.001 eV/Å). The Hessian matrix was calculated by the finite difference method. Four displacements, with a step size of 0.01 Å, were applied along each Cartesian coordinate of Cu atoms in the top layer and adsorbate atoms. The harmonic frequencies and mass-weighted Cartesian displacement of the normal modes were obtained from diagonalization of the mass-weighted Hessian matrix.
The rotational barriers of the alkoxides were calculated by the climbing image nudged elastic band (CI-NEB) method 23 with seven intermediate images along each pathway and the Dimer method. 24 The atomic structures and mass-unweighted displacement of the normal modes were visualized by VESTA. 25 
Results and Discussion

Multiple basins in the energy landscape of adsorption
To estimate the pre-exponential factor, the first step is to identify the reactant-state structure at the global minimum energy. As the molecular size increases from methoxy to 1-butoxy, the dimensionality of the configuration space of adsorption increases quickly, making the comprehensive sampling of the potential energy surface almost impossible with standard DFT calculations. Practically, several trial structures are often used to sample the configuration space, which lead to the discovery of several local basins in the energy landscape after structural relaxation. However, this searching approach does not ensure the identification of the global minimum.
Several stable/metastable structures were found for each larger alkoxide adsorbed on Cu(110). In previous work the lowest energy structure for each alkoxide was determined. 6
These structures were confirmed to be stable/metastable by harmonic frequency analysis.
In the present study, as we explored the rotational motions of alkoxide on the surface (see the following section), structures with lower energies were found for 1-propoxy and 1-butoxy.
The most stable adsorption configurations for the four alkoxides are shown in Fig. 1 . The configurations of methoxy and ethoxy remain unchanged compared to those previously reported. 6 The newly discovered structures were more stable by 0.02 and 0.08 eV/molecule for 1-propoxy and 1-butoxy, respectively. Such energy stabilization is associated with the variation in the orientation of the molecule tail with respect to the β-C-O axis. The overall height of the alkoxy from the surface is also lowered in the new orientation. The distance between the backbone of the species and the Cu surface increases when the vdW interactions were excluded, confirming the significant vdW effects on the structures. [26] [27] [28] [29] [30] [31] The It is important to emphasize more generally the difficulty in finding the global minimum in the high-dimensional configuration space of adsorption for large molecules. The searching strategy used previously for these alkoxides, 6 in which the molecule was considered as a rigid body and different adsorption sites and orientations of the molecule around its chemical bond with the surface were probed, may not be sufficient to find the structure at the global minimum energy because bending in the molecular skeleton and rotation around its internal bonds (torsion), which are common for adsorbed molecules, are extremely difficult to fully sample for large molecules. The abundance of local basins, potentially with multiple configurations with near-degenerate energies highlight the difficulty to find the global minimum for an accurate estimation of kinetic parameters and other statistical quantities, such as activation energy, entropy, and pre-exponential factor. Therefore, careful examination of structures is always needed for the quantitative description of the surface processes.
Harmonic vibrational frequencies and partition functions
A wide range of harmonic frequencies for the normal modes of both reactant and transition states resulted from the frequency analysis. These are exemplified for methoxy and 1-butoxy in Fig. 2 (see Supporting Information for the data of other alkoxides). The numbers of atoms that are included in the construction of Hessian matrix are listed in Table 1 The frequencies between about 100 and 250 cm −1 mostly correspond to the Cu surface modes, with relatively small displacement in the adsorbate atoms compared to other frequencies.
The total number of frequencies within this range is close to 36. (5) The frequencies below about 100 cm −1 mostly correspond to the coupled internal motions of adsorbates. There are three to four modes that have such low frequencies for each reactant-or transition-state structure. A Zip file is provided in Supporting Information that contains the normal mode displacement for each harmonic frequency (the displacement can be visualized by VESTA).
The frequency structure for both the reactant and transition states appear nearly identical in The harmonic pre-exponential factor A for the reactions can then be estimated from the harmonic frequencies. 15
where h is the Planck constant, and the vibrational partition function of the reactant state (Q RS vib ) and transition state (Q TS vib ) can be computed from Q vib = j q * j . For each mode, the quantum form of harmonic partition function with discrete energy levels,
can be computed from its harmonic frequency ν j . The ZPE term in the numerator (e −hν j /2k B T ) is included in the activation energy E act , and thus does not enter the pre-exponential factor.
The validity of this approach is verified by the fact that the pronounced primary kinetic isotope effect observed for C-H bond breaking of CH 3 O on Cu(110) is entirely due to the difference in activation energies for CH 3 O and CD 3 O. The primary factor to this difference is the ZPE of the CH(D) bonds in the methoxy. 32 The partition function without ZPE term
is instead used to estimate Q vib , to avoid double counting of ZPE in the rate constant. Note that for low frequency modes q * j ∼ q j + 0.5. This can be seen by comparing q * har and q har of the lowest frequency modes in Table 1 .
The harmonic pre-exponential factor for the C-H bond breaking of each alkoxide increases with increasing molecular weight above methoxy and with increasing temperatures ( Table 1) .
As temperature increases the pre-exponential factor becomes larger predominantly due to the k B T h term. As a reference, this term is equal to 6.25E+12, 1.04E+13, and 1.46E+13
at T = 300, 500, and 700 K, respectively. The harmonic vibrational partition function Q vib is smaller for the transition state than for the reactant state for each reaction, indicating a small loss of entropy in the transition state as compared to the reactant state. This entropy decrease leads to a pre-exponential factor smaller than k B T /h and for example nearly an order of magnitude smaller than 10 13 s −1 at 300 K, in sharp contrast to the commonly assumed value. Both ethoxy and 1-propoxy show smaller pre-exponential factors A than methoxy, whereas the value for 1-butoxy is larger. in the transition state (Table 1 ). This small difference of 12 cm −1 is hardly visible in Fig. 2 , but it contributes q * TS har /q * RS har ∼ 0.8 to Q TS vib /Q RS vib (differences between q * TS har and q * RS har increase slowly as temperature becomes higher). For each alkoxide, there are a few modes that have frequency < 100 cm −1 , and their difference in the reactant and transition states largely determines the pre-exponential factor. At higher temperatures, more modes are involved in this determination. Also 1-butoxy exhibits a mode with frequency ∼ 500 cm −1 that differs by ∼ 100 cm −1 between the reactant and transition states (Fig. 2b , see Supporting Information for normal mode displacements). For all these dehydrogenation reactions the contribution made by breaking the C-H bond is more than 80% of the ZPE difference. This value varies from almost 100% to ∼ 80% for 1-butoxy. In the latter case the remaining 20% comes from other high-frequency modes (Fig. 2) . The low-frequency modes (< 500 cm −1 ) contribute less than 5% in all cases, even for 1-butoxy.
Despite the high sensitivity of partition function to the low frequency modes, the potential errors in DFT-predicted harmonic frequencies from Hessian matrix are far beyond a few cm −1 . More importantly, the anharmonic effects and the periodicity of frustrated motions in the low frequency modes due to the local symmetry of the binding site are not captured by the Hessian matrix method. Therefore, achieving an accurate estimation of the pre-exponential factor, especially for large adsorbates where the low frequency modes are abundant, is extremely difficult.
The effects of frustrated translations and rotations
Both the reactant and transition states have motions identifiable as frustrated rotations and translations which contribute to the pre-exponential factor. The frustrated translations correspond to vibrations (x, y, z motions) of the center of mass with respect to the binding site.
The frustrated rotational motions, on the other hand, correspond to rotation of the adsorbed specie around an axis, which experiences a periodic potential. To address these degrees of freedom a model for hindered motion was employed. 19, 20 For the desorption of weakly bound molecules from surfaces Campbell et al. proposed that the three lowest frequencies computed for the adsorbed molecule from DFT calculations can be attributed to two hindered translations and one hindered rotation, whose partition functions can be estimated by assuming sinusoidal-shape potentials for the hindered motions. 33 For the alkoxy species under consideration here, the frustrated translations are the x, y, z motions of the alkoxy resulting from the O-Cu binding and have frequencies well above 200 cm −1 . These frustrated translations are localized, and thus can be reasonably well described by the harmonic approximation.
The frustrated rotational motion of alkoxide on the surface is a low frequency mode, however. For this motion the atomic displacements in the lowest frequency mode of each higher molecular weight alkoxide (see the displacements in Fig. 3 and Supporting Information) look quite similar to the rotation of molecule around the out-of-plane axis through the short bridge site where the molecule is adsorbed (see the kinetic pathway in Fig. 4 ).
The lowest frequency mode of methoxy more likely corresponds to rotation around an axis through the two Cu atoms bonded to oxygen, i.e., a frustrated rotation. 14 were estimated. This periodic rotation of adsorbate around the normal axis of the surface is forbidden in the transition state because the dissociating H atom connects the surface Cu atoms and the β-C atom. Therefore, this frustrated rotational mode was considered as a hindered rotor only for the reactant alkoxy state. We calculated the rotational barrier of each alkoxide around the surface normal axis (Fig. 4) using the NEB and Dimer methods. The internal relaxation of molecule was allowed without applying a rigid body approximation.
The barriers, W r , are within the small range of 0.12-0.16 eV and do not show any significant size dependence (Fig. 5a ). The fact that W r does not change significantly with molecular size suggests a relatively small contribution to W r from the interaction between the tail of the molecule and the surface. This interaction may not change much in magnitude for the alkoxy at different rotational angles. The reduced moment of inertia I was calculated from the mass of each adsorbate atom and the distance from each adsorbate atom to the surface normal axis extending through the adsorption site. I values calculated from the adsorption structures of alkoxides were used and approximated to be unchanged during rotation. Note that the angle (θ) between the normal and the O-C bond can vary upon rotation, so I(θ) is not constant and our treatment of rigid rotation is an approximation, especially for the case of methoxy. I increases quickly as the molecular size is enlarged (Fig. 5a ).
The hindered rotor partition function q rot was calculated from these values of W r and I. 19 The values of q rot and the harmonic partition function q har (calculated from harmonic frequency ν j ) for each alkoxide at 300, 500, and 700 K are listed in Table 1 . The formulation of q rot includes the ZPE contribution, so we compare q rot with q har = e −hν j /2k B T 1−e −hν j /k B T instead of with q * har = 1 1−e −hν j /k B T . For methoxy the harmonic approximation seems to well describe the lowest frequency mode (q rot ∼ q har , see Fig. 5b ). As the molecular size increases, the difference between q rot and q har rises sharply. Since the rotational barrier is small, the hindered rotor is an excellent model for low frequency rotational modes. Therefore, the harmonic approximation greatly underestimates the rotational partition function for larger species that can rotate relatively freely, which would apply to many adsorbed reaction intermediates. At T = 300 K, the correction factor q rot /q har due to the effect of frustrated rotation is equal to 1.0, 1.6, 2.4, and 3.3 for methoxy, ethoxy, 1-propoxy, and 1-butoxy, respectively, showing a clear size dependence. The correction factor becomes slightly larger as temperature rises.
For example, the factor increases from 3.3 at 300 K to 3.5 at 500 K, and to 3.6 at 700 K for 1-butoxy.
The correction in the partition function of the lowest frequency mode in the reactant state affects the estimated pre-exponential factor. Since the harmonic pre-exponential factor A ∝ 1/q RS , the corrected pre-exponential factor reads
Here we used the correction factor q rot /q har to correct q * har in A because the formulation of q rot includes the ZPE contribution. This treatment only causes negligible error because q * har ∼ q har for low frequency modes. The corrected pre-exponential factors A are listed in Table 1 . The values are substantially different from the harmonic pre-factors for ethoxy, 1-propoxy, and 1-butoxy. The corrected pre-factor of 1-butoxy is now smaller than that of methoxy. For example, at 300 K, the harmonic pre-factor for 1-butoxy is 5.92E+12, which is more than twice of that for methoxy (2.70E+12). The above correction reduces the prefactor to 1.79E+12 for 1-butoxy, which is smaller than that for methoxy (2.70E+12, remain unchanged from the harmonic pre-factor).
So far we have focused on the frustrated rotation of the reactant around the surface normal. This motion is lost in the transition state because the adsorbate is "locked" by the nascent bond of H bridging between Cu and β-C. The hindered rotor model allowed us to better estimate the partition function of this motion. Note that although only this motion was treated by the hindered rotor model, 19, 20 there are two other frustrated rotations, one around the x and the other around the y axis (both x and y axes are perpendicular to surface normal). These two rotations do not correspond to full (360 • ) rotations with periodic angular potentials due to the existence of surface. Therefore, the hindered rotor model with a sinusoidal potential is not applicable to them.
To address the effect of these modes on the partition function we estimated the vibrational anharmonicity. The method developed by Sauer et al. was explored. 16 Under the independent mode approximation, 34 each mode was sampled using the rectilinear normal mode displacement. 16 Not surprisingly, the potential energy changes in low-frequency bending or torsional modes were overestimated, leading to underestimation of the partition function. This problem needs to be overcome by utilizing the curvilinear displacements defined by internal coordinates. 17, 18 However, defining a set of internal coordinates, which requires careful tuning of parameters such as van der Waals radii, is very difficult for adsorbate-surface systems.
Instead we sampled the one-dimensional angular potentials of the two frustrated rotations for the four alkoxides (see Supporting Information). The curves were fitted by both harmonic and Morse potentials. For methoxy and ethoxy the two rotations can be reasonably well described by the harmonic potentials, with their fundamental frequencies not much different from those of the Morse potentials. For 1-propoxy and 1-butoxy the anharmonic feature of the potentials becomes more pronounced. Their curves can only be fitted well by the Morse potentials. This trend of increased anharmonic correction in larger molecules is similar to that established above for the periodic frustrated rotation around the surface normal.
However, the anharmonic correction factor to the partition function due to the frustrated rotation around the x-or y-axis, which is up to 1.4 at 300 K, is much small than that due to the periodic rotation around the z-axis, which can be over 3 at 300 K. Therefore, the latter is the main focus of the present work. It is important to note that the angular potentials were evaluated by keeping the molecular species rigid at each angle, so some inaccuracy may exist in the calculation. 
in agreement with the computed values
( Table 2 ). The rate constant for methoxy is substantially lower than the others due to a qualitatively different geometric configuration of the transition state, 6 and the rate constant for butoxy is lower than those for ethoxy and propoxy due to slightly increased activation energy in higher molecular weight alkoxide among the three molecules. Besides the three frustrated rotations of the alkoxy species that contribute to lowering the magnitude of the pre-exponential factor, there are other low frequency modes with nonlocalized displacements of adsorbate atoms that may cause even further lowering if they do not have equivalent partners in the transition state. Identifying the motion for each mode from the displacement vectors on each atom and ensuring this motion is decoupled from other motions is quite difficult. In such systems with many floppy modes coupled, the lack of practical approaches to quantitatively and systematically treat frustrated motions and anharmonicity requires method development beyond the scope of this paper. Qualitatively, we expect that, due to the "locking" effect (constrained degree of freedom along the reaction coordinate), several low frequency modes may lose substantial entropy in the transition state.
The loss of entropy may not be properly captured by the harmonic approximation, leading to overestimation of the pre-exponential factor. The overestimation is expected to be more severe in larger adsorbates where the floppy modes are more abundant. The conclusion from this analysis is that the actual pre-exponential factor may be a factor of up to ten smaller than that which we have calculated.
Before closing, we emphasize that the present study considers low coverages of adsorbates on the (110) terrace of Cu. In reaction processes that involve high coverages of adsorbates, the inter-adsorbate coupling can have a significant effect on the surface motions of adsorbates and their entropy. Second, surface defects and steps may serve as the active sites, where the motions and entropy of adsorbate can be different from those on the terrace. The enhanced adsorption at these active sites usually leads to lowering of the freedom of adsorbate. The general reduction in the activation energy suggests that the transition state may lose more freedom than the reactant state does, leading to a smaller pre-exponential factor at the defect and step sites. Overall, the pre-exponential factor of surface reaction, which is related to the entropy change between the reactant and transition states, can be significantly affected by these two factors (adsorbate coverage and surface morphology). Currently we are exploring the effect of single-atom dopant (as the active site) on the motions of adsorbates and the pre-exponential factor of reaction process.
Conclusions
In summary, the C-H bond breaking for a series of linear-chain alkoxides on Cu(110) has been studied to understand the effect of molecular size on the frustrated rotations and, hence, the pre-exponential factor. The pre-exponential factor was calculated using the harmonic 20 frequencies from the Hessian matrix. The accurate description of low-frequency modes is significant to the prediction of the pre-exponential factor. For higher accuracy hindered rotation was included to evaluate the lowest frequency rotational mode. The choice of this mode was confirmed by examination of the displacement vectors of numerous low frequency normal modes. Values of the pre-exponential factor lie close to 10 12 s −1 for all the reactions, varying by approximately a factor of two between the species. As the molecular size increases, the effect of periodic frustrated rotation becomes more significant, and its correction to the pre-exponential factor is more substantial. The present work provides insights into the key aspects that influence the pre-exponential factor in realistic systems. These insights can be helpful for the development of novel methods to accurately predict the reaction preexponential factor. 
